Abstract
Introduction
The use of the 2.4GHz Industrial Scientific and Medical (ISM) band is becoming an important means of wireless communications. Wireless Local Area Networks (WLAN), wireless Internet at any access-point equipped building and the planned development of Bluetooth all utilize the 2.4 GHz ISM band. Furthermore an enormous number of potential applications based on these technologies are possible in the future and therefore the development of appropriate antenna designs is imperative.
A group of candidate antenna structures, which might be considered for use in short range radio devices, are the printed dipole, the microstrip patch, the ceramic antenna, the monopole and its variants. The printed dipole has favorable radiation pattern, but its relative big size and the need for differential feed, makes it unsuitable for many devices. The microstrip patch antenna has no production cost, we can choose the desirable polarization, but it has small bandwidth. The ceramic antenna does not have negligible cost per unit and its efficiency is medium. The monopole is a variant of the dipole that uses the device's ground plane to provide the other half of the antenna. The inverted L and the inverted F antennas fall into this category with the latter being wellknown for its abilities to provide flexibility in impedance matching and to produce both vertically and horizontally polarized electric fields [1] , a feature that is desirable for indoor environments.
The objective of this paper is primarily to present an Inverted F Antenna (IFA) for the 2.4GHz ISM band, which is printed on a PCMCIA (Personal Computer Memory Card International Association) card and incorporates desirable characteristics such as no additional cost, ease of manufacture, compact size, acceptable bandwidth, high efficiency and good omni-directional radiation pattern. Furthermore, a detailed study on the geometric parameters that influence the tuning of the antenna was carried out, in order to help the antenna designer to modify its dimensions according to the available space on the card or any other restrictions he might have. It should be clarified that the presented antenna is a printed IFA and not a planar one (PIFA) and to the best of our knowledge this is the first detailed work on this configuration.
The first section of the paper is devoted to the theoretical and geometric characteristics of the printed IFA/PCMCIA system with an emphasis on the ground plane effect. In the second section the simulation results based on the Method of Moments are illustrated along with measurements made on a fabricated prototype. Finally, the influence of IFA's geometric parameters on its operation and related design guidelines are discussed in the third section.
THE INTEGRATED PRINTED IFA/PCMCIA CARD SYSTEM
The geometry and dimensions of the implemented printed inverted F antenna are depicted in Fig.1 . The inverted F antenna is a variant of the monopole where the top section has been folded down so as to be parallel with the ground plane. This is done to reduce the height of the antenna, while maintaining a resonant trace length. This parallel section introduces capacitance to the input impedance of the antenna, which is compensated by implementing a short-circuit stub. The stub's end is connected to the ground plane through a via. The width of the antenna trace is w=1mm and its physical length is L=28.1mm.A microstrip feed is used to connect the antenna with the PCMCIA's card circuitry. The printed IFA is placed close to the edge of the PCMCIA card, which consists of 4 metallic layers with the antenna placed at the upper one. The card has dimensions 46.7mm by 108.8mm, a thickness of 0.8mm (+/-4 mils tolerance) with the second from the top layer being the card's ground plane. The thickness of the copper layers is t = 48.26 µm, the copper's conductivity is σ = 5.8xE7 S/m and the relative dielectric constant ε r = 3.93 with tanδ=0.01.
The four metallic layers of the PCMCIA card are interconnected through conducting vias forming a ground plane for the antenna, which plays a significant role in its operation. Excitation of currents in the printed IFA causes excitation of currents in the ground plane such that at a distance, the resulting electromagnetic field is formed by the interaction of the IFA and an image of itself below the ground plane. Its behavior as a perfect energy reflector is consistent only when the ground plane is infinite or very much larger in its dimensions than the monopole itself. In our case, the PCMCIA's metallic layers are of comparable dimensions to the monopole and act as the other part of the dipole. The antenna/PCMCIA combination will now behave as an asymmetric dipole, the differences in current distribution on the two-dipole arms being responsible for some distortion of the radiation pattern. In general, the required PCB ground plane length is roughly one quarter (1/4) of the operating wavelength, λ. To the extent that the ground plane is much longer than λ/4, the radiation patterns will become increasingly multilobed. On the other hand, if the ground plane is significantly smaller than λ/4, then tuning becomes increasingly difficult and the overall performance degrades [2] . The optimum location of the IFA in order to achieve an omni-directional far-field pattern and 50 Ω impedance matching was found to be close to the edge of the PCMCIA card, as illustrated in Fig. 1a .
Some techniques, which were also used to optimize the operation of the IFA/PCMCIA system concern the miter and taper shown in Fig. 1d . The miter is used to avoid a right angle microstrip bend, which results in a poor current flow on the stub. The optimum miter was calculated using the formula presented in [3] . As far as the taper is concerned, its need arose in order to compensate the 8 to 40 mils abrupt step transition encountered between the microstrip line feed and the antenna. After several impedance matching tests with different kinds of tapers [4] it was found the optimum taper to be the curved one.
SIMULATED AND MEASURED RESULTS
The geometry shown in Fig. 1 was analyzed using two Method of Moments based electromagnetic field solvers, IE3D [5] and ADS Momentum [6] . The validation of the simulated results was performed by computing the return loss at the antenna port and comparing it with measurements on the fabricated prototype. In both IE3D and ADS the highest meshing frequency was set at 4.5 GHz with 20 cells per wavelength discretization and edge-meshing, to achieve high accuracy in the calculation of the current distribution.
Αs proposed in [7] an edge cell of 10% of the strip width, that is 0.1mm, was used. From 3 illustrates the 3D gain pattern of the IFA/PCMCIA system while in Fig.4 the components E θ and E φ at the three principal orthogonal planes are depicted. These figures show the omni-directional behavior of the antenna with gain values that ensure adequate performance for typical indoor environments taking into account the standard values of the output power and receiver sensitivity of short range radio devices. It is also worth mentioning that the polarization of the antenna is rather elliptical than linear since the axial ratio rarely reaches 20 dB [8] . Thus, the antenna has the ability to receive both vertically and horizontally polarized electromagnetic waves, which can be proven beneficial in indoor environments where depolarization is a dominant phenomenon and the choice of the best polarization difficult. Although, currently, many wireless systems are vertically polarized, it has been predicted [9] that using horizontal antennas at both the receiver and the transmitter results in 10dB more power in the median as compared to the power received using vertical antennas at both ends of the link. To evaluate the performance of the printed IFA in an indoor environment, we performed some initial field tests where we measured the Packet Error Rate (PER) of a Bluetooth application under two scenarios: a) using external vertically polarized monopole antennas at both ends and b) using two printed IFAs. The measurements were taken inside a typical office environment under both line of sight and non line of sight conditions at 1Mb rate of transmission. Although the results showed a slight precedence of the external monopoles over IFAs, the no additional cost and the low profile of the IFA overwhelm the small difference in the reception, which for all cases was less than 10%. Other radiation parameters of the implemented antenna system are presented in Table 1 .
An interesting insight to the complex relations between IFA's feed and PCMCIA's metal layers is gained by examining the currents flowing on the surfaces of the four layers. If there is no connection between the four layers, some of the power feeding the antenna is launched into the parallel-plate mode shown in Fig. 5a (a 1 , a 2 , a 3 , a 4 , from bottom to top). The result of this effect is the appearance of the four resonances shown in Fig. 6 , two of which fall into the pass band of the antenna distorting it's impedance matching. By connecting the edges of the four layers through rectangular conducting vias, we simulate the existence of the via holes in the perimeter of the prototype card (Fig. 1e) . In this case the power in the parallel-plate mode is drastically reduced as shown in Fig. 5b resulting in the absence of resonances observed in Fig. 2 . It should be pointed out that the location of the mode suppressing vias was found to be critical and that for a successful design, the effect of the vias must be included in the analysis.
DISCUSSION
Three geometric parameters of the antenna play a critical role for its tuning: the height h, the distance between the two legs d and the length l [10, 11] . What makes the printed IFA a good candidate for this application, beyond the low profile and the high bandwidth, is the ability to match the input impedance of the antenna very easily. Figure   7 displays the input impedance of the printed IFA as a function of the lengths h, d and l from 2.3 to 2.6 GHz. These lengths are normalized to the free space wavelength at the middle frequency of the band (λ 0 = 122.45 mm) and each time we vary one parameter while keeping the values of the other two fixed. According to Fig. 7 , the three controlling parameters of the antenna affect both its input resistance and reactance. As the height h increases the input resistance also increases and the antenna becomes more inductive since the horizontal part of the antenna moves away from the ground plane. By increasing the distance between the legs d, the input resistance increases and the antenna becomes capacitive. As far as the horizontal length is concerned, by increasing its value the input resistance decreases and the antenna becomes inductive.
Furthermore, Table 2 illustrates how alterations of the above three parameters affect the resonant frequency of the antenna. As h and l increase the resonant frequency decreases and vice versa. This was expected since the height h and the length l affect the total length L of the IFA. On the other hand, as d increases the resonant frequency increases and vice versa.
From the above analysis it is apparent that a combined change of the three parameters is necessary in order to fine-tune the antenna. This gives a freedom to the antenna designer to modify the dimensions of the IFA according to the available antenna space on the card or the restrictions he might have. For instance, assuming that the horizontal part needs to be shorter, the distance d must also be shortened in order to achieve a resonance at 2.45 GHz. As a conclusion, the three controlling parameters provide sufficient flexibility regarding the matching of the antenna.
As has already been mentioned, the physical length of the implemented IFA is L= 28.1mm, which compared to the free space quarter wavelength λ 0 /4 is reduced by the percentages shown in Table 3 . Thus, the optimum IFA's length in order to be fine-tuned was found to be 8.5% shorter than λ 0 /4 at the middle frequency of the band. 
CONCLUSION
In this paper the analysis of an Inverted F antenna printed on a PCMCIA card was presented which is compact, efficient, ease and cost effective to manufacture with omnidirectional pattern, mixed polarization and 250 MHz impedance bandwidth. Design guidelines for implementing a printed IFA not only on current generation short-range wireless communication devices but also on future generations more wideband ones operating at the 2.4 GHz ISM band were additionally provided. IFA's main design advantage is flexibility, because it can be tuned to function equally well in many wireless applications without requiring modification of the fundamental design philosophy.
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